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Abstract Giant jellyfish (Nemopilema nomurai) outbreaks in relation to satellite sea 
surface temperature (SST) and chlorophyll-a concentrations (Chl-a) were investigated 
in the Yellow Sea and East China Sea (YECS) from 1998 to 2010. Temperature, 
eutrophication, and match–mismatch hypotheses were examined to explain long-term 
increases and recent relaxations of N. nomurai outbreaks. We focused on the timing of 
SST reaching 15°C, a critical temperature enabling polyps to induce strobilation and 
allowing released ephyra to grow. We analyzed the relationship of the timing with 
interannual variability of SST, Chl-a, and the timing of phytoplankton blooms. 
Differences in environmental characteristics among pre-jellyfish years (1998–2001), 
jellyfish years (2002–2007, 2009), and non-jellyfish years (2008, 2010) were assessed 
on this basis. The SST during late spring and early summer increased significantly from 
1985 to 2007. This indicated that high SST is beneficial to the long-term increases in 
jellyfish outbreaks. SST was significantly lower in non-jellyfish years than in jellyfish 
years, suggesting that low SST might reduce the proliferation of N. nomurai. We 
identified three (winter, spring, and summer) major phytoplankton bloom regions and 
one summer Chl-a decline region. Both Chl-a during non-blooming periods and the 
peak increased significantly from 1998 to 2010 in most of the YECS. This result 
indicates that eutrophication is beneficial to the long-term increases in jellyfish 
outbreaks. Timing of phytoplankton blooms varied interannually and spatially, and their 
match and mismatch to the timing of SST reaching 15°C was not corresponded to the 
long-term increases in N. nomurai outbreaks and the recent absence.
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1 Introduction 
The Yellow Sea and East China Sea (hereafter YECS), the largest continental 
marginal seas in the western North Pacific Ocean (Jiao et al. 2007), are surrounded by 
China, Korea, and Japan (Fig. 1). They are connected to the Pacific Ocean, the South 
China Sea, and the Sea of Japan by the strait between Taiwan and the Ryukyu Islands, 
the Taiwan Strait, and the Tsushima Strait, respectively. YECS areas are highly dynamic 
with a variety of distinguishable water masses. The area is characterized by a wide 
continental shelf (<200 m depth) and extremely dynamic seasonal river runoffs (Zhang 
et al. 2007; Siswanto et al. 2008). The freshwater runoffs, especially from the 
Changjiang River, and oceanic currents, such as the Kuroshio and Taiwan warm 
currents, induce major circulation patterns in the YECS. The Changjiang estuary (CJE) 
and its adjacent YECS waters are highly productive and resource-rich (Beardsley 1985). 
However, this ecosystem is also sensitive to variations in runoff from the Changjiang 
River, which has been undergoing long-term modifications due to human activities such 
as the use of chemical fertilizers, dam construction, and land modification (Gao and 
Song 2005; Li et al. 2007; Kim et al. 2009). Dissolved inorganic nitrogen levels have 
been increasing in the YECS since the 1980s, as influenced by the Changjiang River 
Discharge (Siswanto et al. 2008), terrigenous nitrogen fertilizer utilization (Wang 2006), 
and coastal aquaculture (Hu et al. 2010). Eutrophication due to increased nutrients has 
generated more frequent algal blooms in Chinese coastal waters since the 1990s (Tang 
et al. 2006).  
Nemopilema nomurai, one of the largest jellyfish species in the world, is 
distributed mainly in the East Asian marginal seas, including the Bohai Sea (BS), the 
Yellow Sea, the East China Sea, and the Sea of Japan (Kawahara et al. 2006; Uye 2008). 
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Massive outbreaks of N. nomurai have historically been extremely rare, occurring 
approximately once every 40 years, in 1920, 1958, and 1995 (Yasuda 2004; Uye 2011). 
However, since 2002, outbreaks of N. nomurai have become more frequent and more 
extensive across YECS areas, occurring every year except 2008, 2010, and 2011 
(Fisheries Research Agency, Japan: http://jsnfri.fra.affrc.go.jp/Kurage/kurage_top.html; 
accessed 18 March 2012). Previous studies have suggested that anthropogenic 
environmental changes such as eutrophication, habitat modification, overfishing, and 
global warming are responsible for these recent outbreaks (Purcell et al. 2007; Uye 2008, 
2011). N. nomurai has a complex life cycle, with alternate sexual and asexual stages. 
The abundance of jellyfish reflects the success of excysting during the podocyst stage 
and the production of ephyrae in the polyp stage (Kawahara et al. 2006; Purcell et al. 
2009; Kawahara et al. 2013). Judging from the occurrence of young medusae, 
Kawahara et al. (2006) speculated that the strobilation of polyps occurs in late spring to 
early summer in the YECS. During a recent survey, ephyrae were found for the first 
time in the northwestern East China Sea, and detachment from polyps was estimated to 
have occurred in early May near the mouth of the Changjiang River and along the coast 
of Jiangsu Province (Toyokawa et al. 2012).  
To determine the driving factors behind the recent outbreaks in N. nomurai, we 
examined three hypotheses (temperature, eutrophication, and match–mismatch) during 
the ephyral stage in YECS. Temperature increases raise the physiological rates of both 
phytoplankton and the herbivorous zooplankton that feed on them (Sommer and 
Lengfellner 2008). With more jellyfish appearing in warmer years, temperature-related 
effects could become evident in polyp strobilation and ephyral growth (Richardson et al. 
2009). In laboratory experiments, warm temperatures have been confirmed to increase 
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5 
polyp strobilation and ephyral growth in N. nomurai (Kawahara et al. 2006). A 
temperature of 15ºC is critical, allowing released ephyrae to grow (S. Uye, personal 
communication) and producing the highest cumulative strobilation rate for N. nomurai 
(Kawahara et al. 2013). 
Eutrophication due to increased nutrient input may increase the phytoplankton 
biomass, which may further enhance zooplankton production to supply more food to 
jellyfish (Uye 2008; Purcell 2012). Additionally, eutrophication could cause more 
frequent flagellate-phytoplankton blooms. Changes in the food web may reduce the size 
of the zooplankton community, leading to more favorable conditions for jellyfish than 
for fish (Purcell et al. 2007; Richardson et al. 2009; Purcell 2012). Moreover, 
eutrophication with enhanced organic matter production may contribute to the frequent 
occurrence and greater intensity of hypoxia/anoxia in coastal waters (Chai et al. 2006), 
which would probably benefit jellyfish rather than fish (Purcell 2012). 
The match–mismatch hypothesis predicts that the growth and survival of the larvae 
of marine predators depends on a temporal match with prey availability (Cushing 1990; 
Durant et al. 2005). A number of studies have indicated that top predators (e.g., jellyfish, 
fish) are indirectly controlled by primary production via bottom-up processes, and this 
hypothesis seems to be applicable for a wide range of marine predators (Frank et al. 
2007; Gremillet et al. 2008).  
Satellite-detected sea-surface temperatures (SST) and ocean color (Chl-a) have 
been used to characterize physical and ecosystem features, respectively, in the YECS 
(Hickox 2000; Yamaguchi et al. 2012, 2013). These satellite monitoring data are useful 
to monitor eutrophication and harmful algal blooms (Ahn and Shanmugam 2006; 
Yamaguchi et al. 2013). Due to the large spatial scales of giant jellyfish distributions, 
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traditional oceanographic observations would be difficult to apply in this kind of study; 
instead, satellite images of SST and Chl-a are useful for detecting environmental 
variables related to jellyfish outbreaks. The Chl-a is also expected to serve as an 
indicator of zooplankton abundance (i.e., food for jellyfish) (Gremillet et al. 2008). 
The objective of this study was to test the three hypotheses (temperature, 
eutrophication, and match–mismatch) using satellite SST and Chl-a data. Interannual 
variability in spring and early summer (March–June) SST were investigated, and 
interannual variability in the timing and magnitude of phytoplankton blooms were 
compared with the timing of SST reaching 15°C (hereafter Tsst15). In the following 
sections, we described the environmental characteristics during pre-jellyfish years (PJY, 
1998–2001), jellyfish years (JY, 2002–2007, 2009), and non-jellyfish years (NJY, 2008, 
2010), and discuss the factors controlling the outbreak of giant jellyfish.  
2 Materials and methods 
2.1 SST dataset 
The SST data used in the present study were 8-day averaged (hereafter 8-day 
weekly) and monthly nighttime, 4-km resolution data from Pathfinder version 5 
AVHRR/NOAA (Advanced Very High Resolution Radiometer) for 1998–2002 and from 
MODIS/AUQA (Moderate Resolution Imaging Spectroradiometer) Level 3 for 
2003–2010 (Table 1). The AVHRR and MODIS data were screened for quality control. 
Only pixels with quality levels of 4–7 were used 
(http://www.nodc.noaa.gov/SatelliteData/pathfinder4km/userguide.html) as well as level 
0 data (http://oceancolor.gsfc.nasa.gov/DOCS/modis_sst/). We used the combined 8-day 
weekly/monthly datasets (1998–2010) for further study, as the accuracy of the MODIS 
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7 
SST data was consistent with the AVHRR Pathfinder SST fields (Minnett et al. 2002).  
 
2.2 Ocean color dataset 
Daily remote sensing reflectance data from two sensors, the Sea-viewing Wide 
Field-of-view Sensor (SeaWiFS) and MODIS/Aqua, were obtained from the NASA 
Goddard Space Flight Center (http://oceancolor.gsfc.nasa.gov/). Remote sensing 
reflectance (Rrs) at wavelengths of 412, 443, 490, and 555 nm [Rrs(412), Rrs(443), 
Rrs(490), Rrs(555)] from SeaWiFS and at 412, 443, 488, and 547 nm [Rrs(412), 
Rrs(443), Rrs(488), Rrs(547)] from MODIS were analyzed. Several different datasets 
with various reprocessing versions and levels were used (Table 1).  
We used empirical Yellow Sea Large Marine Ecosystem Ocean Color Work Group 
(hereafter YOC) Chl-a algorithms for the study area from the SeaWiFS Reprocessing 
5.1 (R2005.1) dataset developed by Siswanto et al. (2011). A normalized water-leaving 
radiance value of 555 nm [nLw(555)] was used to switch from the non-turbid standard 
algorithm to the turbid algorithm (details in the Appendix). Yamaguchi et al. (2013) 
modified this switch to produce a smooth image with a linear combination of these 
algorithms for the low value of nLw(555). Because the YOC Chl-a algorithm was based 
on an older SeaWiFS R2005.1 dataset and a newer SeaWiFS Reprocessing 2010.0 
(R2010.0) dataset is available, linear conversions between the datasets were conducted 
using band ratios [Rrs(412)/Rrs(490) and Rrs(443)/Rrs(555)]. Furthermore, to make the 
long time series from SeaWiFS (1998–2010) and MODIS (2002–2010) consistent with 
one another, we conducted linear conversions of MODIS-Aqua Reprocessing 
2009.1/2010.0 (R2009.1/R2010.0) band ratios [Rrs(412)/Rrs(488) and 
Rrs(443)/Rrs(547)] to SeaWiFS band ratios [Rrs(412)/Rrs(490) and Rrs(443)/Rrs(555)] 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
8 
(details in the Appendix).  
To make the 4-km resolution SeaWiFS R2010.0 Level 2 GAC datasets compatible 
with the 1-km MODIS R2009.1/R2010.0 Level 2 LAC datasets, MODIS data were 
reduced by four times by averaging four neighboring pixels into one and remapping 
them to the same dimensions as SeaWiFS (386 × 386 pixels for 17°
 
× 17°
 
in
 
YECS). 
The newly processed MODIS and SeaWiFS daily datasets were then merged to make 
more consistent and cloud-free long-term 8-day weekly and monthly Chl-a datasets. All 
merged Chl-a data were re-binned to 1°
 
× 1° to reduce the influence of meso-scale 
variability. We used relatively loose criteria to exclude outliers caused by cloud-edge 
effects (Vantrepotte and Melin 2009). First, we selected the median value in each grid. 
Second, assuming a lognormal distribution for the 13-year 8-day weekly and monthly 
Chl-a data in all grids, we removed outliers by excluding data points that were greater 
than three standard deviations from the mean. These processes enabled 144 ocean grid 
points to each have data for a 612 8-day weekly time series (14 8-day weeks for 1997 
and 598 8-day weeks for 1998–2010). All data processing was conducted using NASA 
SeaDAS software (version 6.2) and Windows Image Manager (WIM) software 
(http://www.wimsoft.com/). 
 
2.3 Gaussian fitting for phytoplankton blooms 
The middle area of the temperate YECS is characterized by a typical spring bloom 
and a modest fall bloom (Furuya et al. 2003), while the coastal area of the YECS is 
characterized by a long-duration bloom from spring to autumn (Yamaguchi et al. 2013), 
and the subtropical area of the Kuroshio is characterized by winter phytoplankton 
increases (Wang et al. 2010). A flexible curve-fitting procedure was used to model these 
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9 
blooms. First, a modified Gaussian function, which has been widely used to model time 
series of satellite-derived Chl-a (Yamada and Ishizaka 2006; Platt et al. 2007; Zhai et al. 
2011), was selected for the period from winter to summer, when polyp strobilation and 
larval growth are expected.  
Second, the Chl-a time series for winter, spring, and summer blooms were selected 
for fitting. We did not take into account the possible fall bloom because it was not 
relevant to the analysis of young jellyfish. The Chl-a time series was adjusted for each 
grid so that the largest seasonal blooms would be at the center of each respective time 
series. Thus, the periods from August 29 to August 28 of the following year, January 1 
to July 30, and January 1 to December 31 were used to detect winter, spring, and 
summer blooms, respectively.  
Third, the 8-day weekly time series for Chl-a, CHL(t), over one year or half a year 
were fitted to a modified Gaussian function as follows:  
 
 
2
2
exp
2
p
s i
t t
CH tL t B B a

         
   


 ,
 
where sB  and iB  are the baseline slope and intercept, respectively. s iB t B   
and
 
s p iB t B a    are baseline and peak Chl-a, and pt , 2pt  , and 2pt   are the 
times of peak, start, and end of phytoplankton bloom, respectively. The tilted baseline 
for phytoplankton blooms was used because Chl-a before and after the bloom during the 
analysis periods were significantly different in most of the grids (W-R test: h = 1, p < 
0.1, at a 90% confidence level, data not shown). Non-bloom Chl-a was defined as the 
average Chl-a of before and after the bloom during the analysis period. 
Fourth, for each year in each grid, three types of bloom time series were fitted to 
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10 
the modified Gaussian function described above using the nonlinear least-squares 
method. If the number of valid values of the time series was less than half of the number 
for the whole period (<12 8-day weeks for the time series of January 1 to July 30, <22 
8-day weeks for the time series of August 29 to August 28 of the following year, and 
January 1 to December 31), this time-series was removed from the fitting. The quality 
of the three types of time-series fittings in each grid was assessed using determination 
coefficients, and the best bloom type was chosen. In some grids, the fitted curve with 
one negative peak with highest determination coefficient was found. This region was 
defined as phytoplankton decline region. We were unable to analyze data for a few years 
in some areas with low determination coefficients (R
2
 < 0.5).  
Fifth, the average timings of phytoplankton blooms for climatological time series 
from 1998 to 2010 were also fitted the same way, except for the time series of August 
29 to August 28 of the following year and January 1 to December 31. For the fitting, 
sB  was set as 0 (non-tilted baseline) because the difference of Chl-a between before 
and after the bloom during analysis periods was not significant (W-R test: h = 0, p > 0.1, 
at a 90% confidence level, data not shown).  
 
2.4 Statistical analysis 
One-sided Wilcoxon rank-sum (W-R) tests (Michael and Proschan 2010) were used 
to compare SST in JY and NJY, and two-sided W-R tests were used to compare SST in 
JY and PJY. Linear regression analysis with year was used to obtain long-term trends in 
monthly SST, non-bloom Chl-a, and peak Chl-a. 
We first identified geographical regions based on Chl-a peaks from the Gaussian 
fitting. Then, to further discriminate spring and summer bloom regions with the 
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geographical and climatological differences in temporal patterns of Chl-a, we conducted 
K-means clustering analysis based on parameters of the phytoplankton bloom (start time, 
end time, peak time, baseline Chl-a, and peak Chl-a) (Henson and Thomas 2007). This 
analysis was performed on composites of the 13-year climatological 8-day weekly 
Chl-a time series on the basis of silhouette values (Kaufman and Rousseeuw 1990). 
These values indicated that the optimum number of clusters for further separation was 
seven. All statistical analyses and model fitting were performed in MATLAB2012 
(www.mathworks.com) 
 
3 Results 
3.1 SST seasonality during 1998–2010 
Coastal and middle areas between China and Korea were characterized by large 
seasonal variations in SST, likely because these areas are shallow and subjected to large 
quantities of river runoff. The waters of the southeast YECS were characterized by 
relatively small seasonal variations in SST, dominated by the warm Kuroshio Current. 
In winter, the 15°C water was distributed from the Taiwan Strait northeastward along 
the Zhejiang-Fujian coast (Fig. 2a), displaying a distribution pattern similar to that of 
the tongue-shaped front off the CJE. The 15°C water was found in the center of the 
YECS, from the northern coast of the CJE to offshore in spring (Fig. 2b). SST was quite 
uniform in the YECS in summer, and higher than 15°C throughout the study region (Fig. 
2c). In fall, 15°C water was observed from east of the Shangdong Peninsula to south of 
Korea (Fig. 2d).  
 
3.2 Interannual variability in SST 
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We selected seven areas to represent the whole YECS, according to geographic 
characteristics, not including the Kuroshio and offshore waters where SST was always 
near or above 15ºC. These areas were distributed from the Chinese and Korean coasts to 
the middle of the YECS and included the BS, the middle of the northern Yellow Sea 
(MNYS), the Chinese coast of the southern Yellow Sea (CSYS), the coast of the 
Shangdong Peninsula (CSDP), the middle of the southern Yellow Sea (MSYS), the 
Korean coast of the southern Yellow Sea (KSYS), and the CJE (Fig. 1).  
Interannual variability in SST for all areas in the YECS was approximately 0–5°C 
during spring to summer, and smaller than the seasonal variability (Fig. 3). SST 
decreased significantly (r < –0.5, p < 0.05) in April, May, and June in the MSYS from 
1998 to 2010 (Fig. 3e). A significant decrease (r < –0.5, p < 0.05) was also observed in 
March, May, and June in the CSDP (Fig. 3d); however the decrease was only significant 
in March, May, and June in the CSYS, MNYS, and BS, respectively (Fig. 3a-c).  
The SST was much lower in NJY than in PJY and JY from spring to early summer, 
with differences of approximately 0–5°C (Fig. 4). However, the differences in SST in 
JY and PJY were not significant (W-R test: h = 0, p > 0.1, at a 90% confidence level) in 
most of the YECS. The range of the differences was approximately 0–1.5°C from spring 
to early summer. Longer time series (1985–2007, data not shown) with additional SST 
datasets from AVHRR showed significant increase (r > 0.5, p < 0.05, 1.50ºC) during the 
23 years in the majority of the YECS (MSYS, CSYS, CJE, MNYS and BS) throughout 
spring and early summer. The low SST in NJY caused the significant decrease from 
1998 to 2010 in the YECS. The long-term results indicate that the SST increased 
significantly with a maximum in PJY and JY during spring and early summer in recent 
decades.  
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13 
The spatial distribution of the SST difference between JY and NJY also indicates 
that SST in NJY was lower than in JY in large areas of YECS from April to June (Fig. 
5). In March, SST in NJY was only slightly lower (0–1.5°C) than in JY, and the 
difference was not statistically significant at a 90% confidence level (h = 0, p > 0.1) 
throughout the YECS, except in two grids (Fig. 5a). In April, SST in NJY was 
significantly lower (2–5°C) than in JY (W-R test: h = 1, p < 0.1) in CJE and its adjacent 
waters (Fig. 5b). In May, SST in NJY was significantly lower (1.5–2°C) than in JY in a 
large area of the YECS, including the CSYS, MSYS, and Huanghe River estuary of the 
BS (Fig. 5c). In June, SST in NJY was significantly lower (2–3°C) than in JY (h = 1, p 
< 0.1) in most parts of the BS, CSYS, MSYS, and KSYS (Fig. 5d).  
 
3.3 Phytoplankton bloom climatology 
Based on the seasonal peaks in Chl-a, we identified three (winter, spring, and 
summer) major bloom regions and one summer decline region in the YECS (Fig. 6a). 
The winter bloom region was distributed in the southeast subtropical region with low 
seasonality, influenced by the Kuroshio. The spring bloom region covered most of the 
YECS, specifically in the middle regions deeper than 50 m. The summer bloom region 
mainly occupied the coastal area of the YECS, with the boundary corresponding well 
with the 50-m isobath, extending from the coast of Fujian Province to most of the BS 
and the Korean coast. The summer decline region was confined to the coast of 
Shangdong Peninsula.  
In the winter bloom region, seasonal and interannual variability of Chl-a was small 
(Fig. 7a), with the lowest baseline (< 0.1 mg m
–3
) and peak (< 0.25 mg m
–3
). In the 
spring bloom region, seasonality was larger, with the tilted baseline and peak of 0.5–0.7 
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and 1.2 mg m
–3
, respectively (Fig. 7b). Chl-a in coastal regions of the YECS exhibited a 
distinct seasonal cycle, with a peak in midsummer. The baseline and peak in coastal 
regions were highest, with values of 1.8 and 3.1 mg m
–3
, respectively (Fig. 7c). The 
interannual variability of Chl-a in the summer bloom region, represented by standard 
deviations (0.23–0.73 mg m–3), was large around the peak of the bloom. In the summer 
decline region, the peak was negative with a fitted Gaussian function (Fig. 7d). 
The start time of the summer bloom was late in the CJE, CSYS, and BS in May or 
June (Fig. 8a). The end time of the winter and spring blooms was from May to June 
around the Okinawa Islands and March to April in the middle of YECS (Fig. 8b). In the 
coastal regions, the end of the bloom occurred from early September in the CSYS to 
late November in the CJE, BS, and KSYS. The peak of the phytoplankton bloom 
generally occurred in mid-January for most of the southeast, in early or mid-April for 
the middle of the YECS, and in late July or early August for the coast of the YECS (Fig. 
8c). In the subtropical Okinawa region, a long and low-intensity winter increase in 
Chl-a was observed (Fig. 8d, f). In contrast, bloom duration tended to be shorter in the 
middle YECS compared with other regions (Figs.7b, 8d). Non-bloom Chl-a were 
extremely low in the Okinawa region and generally high in the middle and coastal 
regions of the YECS, with a maximum in BS (Fig. 8e). High peak (>4 mg m
−3
) was 
found in CJE and its adjacent waters, CSYS, KSYS, and in most parts of the BS (Fig. 
8f).  
 
3.4 Interannual variability in the timing of phytoplankton blooms and the Tsst15 
We focused on the YECS where SST varied around 15°C and excluded the 
Kuroshio and offshore waters (Fig. 6b). A cluster analysis of the 13-year Chl-a time 
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series data revealed seven distinctive regions with significant different seasonal cycles 
of Chl-a; BS, MNYS, CSYS, CSDP, MSYS, KSYS, and CJE. The same abbreviated 
names were used for each region as the name of the SST study because the areas of 
investigated SST in Section 3.2 were located near the centers of each region (Fig. 1).  
A high summer peak with a long bloom period was observed for most of the years 
in the BS, CSYS, KSYS, and CJE (Fig. 9, Table 2). A lower Ch-a during shorter spring 
bloom was observed in the majority of the years in MNYS and MSYS. The Chl-a peak 
was negative in midsummer in the CSDP. Significant increases (r > 0.5, p < 0.05) in 
both non-bloom and peak Chl-a from 1998 to 2010 were observed in most regions of 
the YECS (Fig. 9, Table 2). The increases in non-bloom and peak Chl-a were 55.0, 35.8, 
18.0, 35.7% and 80.0, 60.0, 55.0, 38% in BS, CSYS, MSYS, KSYS, respectively. Both 
non-bloom and peak Chl-a also increased in the CJE (9.5 and 8–10%, respectively).  
The start and end times of the blooms exhibited considerable interannual 
variability (more than six 8-day weeks) in BS, CSYS, KSYS, and CJE (Fig. 9, Table 2). 
The timing of phytoplankton blooms exhibited less interannual variability (within six 
8-day weeks) in MNYS and MSYS. In the CSDP, the start and end times of the 
phytoplankton decline exhibited considerable interannual variability (more than six 
8-day weeks). The Tsst15 exhibited similar interannual variability in almost all regions, 
generally within two 8-day weeks: this was near the start of the bloom in the BS, CSYS, 
KSYS, and CJE regions, and near the end of the bloom in the MNYS and MSYS 
regions in most years (Fig. 9, Table 2). The Tsst15 was also close to the start of the 
phytoplankton decline in the CSDP in all years (Fig. 9d). 
 
4 Discussion 
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In this study, three hypotheses (temperature, eutrophication, and match–mismatch) 
were examined to explain the jellyfish outbreaks after 2002, and their absence in 2008 
and 2010, using satellite SST and Chl-a. 
4.1 Temperature hypothesis 
Global warming is considered an important factor affecting increases in jellyfish 
outbreaks (Purcell et al. 2007; Richardson et al. 2009). Our analysis indicated that SST 
significantly increased during the 23 years from 1985 to 2007 in spring and early 
summer. This finding was consistent with previous results, such as those published by 
Lin et al. (2005), who observed that the regional mean temperature in the Yellow Sea 
increased by 1.7ºC from 1976 to 2000. The maximum SST in PJY and JY indicated that 
the long-term increase in SST generally corresponded to recent increases in jellyfish 
outbreaks. 
Uye (2008) speculated that warmer temperatures may induce higher birth rates of 
N. nomurai medusae by accelerating asexual reproduction, based on the results of 
laboratory experiments (Kawahara et al. 2006). Our analysis of the SST in YECS based 
on satellite data also indicated that the high temperature in YECS was favorable for N. 
nomurai. This result supports the temperature hypothesis. 
The temperature hypothesis can also explain the lack of N. nomurai outbreaks in 
2008 and 2010 (NJY), when the SST was as low as in the 1980s. Because N. nomurai 
has a short lifespan (one year), the fluctuation of abundance could be caused by 
short-term climatic variations, as has been suggested for Aurelia aurita and Cyanea 
lamarckii in the North Sea (Lynam et al. 2004, 2005). The absence of N. nomurai 
outbreaks in 2008 and 2010 may be attributable to unfavorable conditions caused by the 
low temperatures associated with the climate variation. However, no jellyfish outbreak 
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occurred in PJY, even though the SST was as high as in JY. This indicates that high 
temperature conditions are necessary but not sufficient for jellyfish outbreaks. 
 
4.2 Eutrophication hypothesis 
Our results revealed that both the non-bloom and peak Chl-a increased 
significantly from 1998 to 2010, with a great increase observed in coastal regions (Fig. 
9, Table 2). This indicates that eutrophication was more severe in recent years (JY and 
NJY), as the nutrient loading continued from land (Zhou et al. 2008; Gao and Zhang 
2010). The high food availability resulting from more eutrophic conditions in coastal 
regions of the YECS, especially in the CSYS, KSYS, and BS, may favor polyp 
strobilation and survival of ephyra in JY. Conversely, less eutrophic conditions limit 
polyp strobilation, likely resulting in lower survival of ephyra and thus less recruitment 
of N. nomurai medusae in PJY.  
However, high eutrophic conditions in NJY did not correspond to high jellyfish 
abundance, indicating that eutrophication was necessary but not sufficient for jellyfish 
outbreaks. As explained in Section 4.1, the low temperature is a probable cause of 
unfavorable conditions for N. nomurai even in a eutrophic environment. 
Kawahara et al. (2006) speculated that the ecosystem changes associated with 
eutrophication may be responsible for the enhancement of giant jellyfish populations. 
We found that phytoplankton, which is food for zooplankton, increased significantly 
from PJY to JY in YECS. This result indicates that the ecosystem is changing in YECS 
associated with eutrophication (Kawahara et al. 2006; Siswanto et al. 2008). The 
increase in phytoplankton due to eutrophication in combination with higher 
temperatures due to climate change probably led to long-term increases in jellyfish 
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outbreaks. 
 
4.3 Match–mismatch hypothesis 
High temperatures may act directly on polyps to enhance strobilation (Kawahara et 
al. 2006). Alternatively, several studies suggested an indirect influence of temperature 
through alteration of the timing of phytoplankton blooms to synchronize with the period 
of rapid ephyral growth (Båmstedt et al. 2001; Lynam et al. 2004). We found that the 
ephyral stage, as indicated by the Tsst 15, was always near the start of the bloom in 
coastal areas, while it was always near the end of bloom in middle areas. Furthermore, 
variability in the start and end times of phytoplankton blooms did not correspond to 
timings of the ephyral stage in warmer JY and colder NJY in each region. In particular, 
the delay in the Tsst15 did not result in a mismatch with phytoplankton blooms in NJY. 
A change in the physiology of jellyfish larvae due to low SST was more likely to have 
resulted in low survival of ephyra in NJY (Uye 2008; Purcell et al. 2009).  
Our analyses also indicated that the timing of phytoplankton seasonal blooms 
differed greatly between coastal and middle areas (Fig. 9). If the timing of 
phytoplankton blooms corresponds to jellyfish prey abundance, matches and 
mismatches between the timings of phytoplankton blooms and the Tsst15 were observed 
in all years in the coastal (BS, CSYS, KSYS, and CJE) and middle (MNYS and MSYS) 
areas of the YECS, respectively (Fig. 9). The difference indicates that survival of ephyra 
may differ between middle and coastal regions, although no information is available at 
present.  
The main prey of N. nomurai medusae are small copepods and gastropod larvae 
(size <1 mm) that may directly feed on phytoplankton (Uye 2008). According to Lee et 
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al. (2008), the ephyrae of N. nomurai could feed on prey similar to that of large adult 
medusae. Thus, the timing of phytoplankton blooms may affect survival of ephyra 
through a complex bottom-up process (Gremillet et al. 2008). In general, a time lag 
occurs between phytoplankton blooms and increases in zooplankton abundance 
(Kiorboe and Nielsen 1994; Zervoudaki et al. 2009).  
Kang et al. (2012) suggested that copepod abundance increases from spring until 
the seasonal peak in summer along the Korean western coast, increases from February 
with the seasonal peak in April, and then decreases until August in the north East China 
Sea near the Tsushima Strait. If we assume that the results of Kang et al. (2012) in the 
Korean coast and in the northern East China Sea are applicable to the YECS coastal and 
middle regions, the Tsst15 (ephyral stage) corresponded to the copepod abundance peak 
in coastal regions and the minimum in the middle regions. This is consistent with our 
results for phytoplankton blooms: match and mismatch in coastal and middle regions, 
respectively. However, Kang et al. (2012) only investigated average bimonthly 
zooplankton data from February to December in Korean waters. Temporal and spatial 
data limitations obviously restrict interpretation of the match–mismatch between 
zooplankton abundance and the jellyfish ephyral stage. More in situ data are required to 
validate the details of the match–mismatch of N. nomurai to prey abundance. 
 
5 Conclusions 
Using 13 years of satellite (AVHRR, SeaWiFS, MODIS-Aqua) SST and Chl-a data, 
we characterized long-term environmental variables related to interannual variability of 
N. nomurai outbreak in the YECS for the first time. Three hypotheses (temperature, 
eutrophication, and match–mismatch) were examined to explain the variability in 
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jellyfish outbreaks in the YECS. Our results indicated that the long-term increases in N. 
nomurai outbreaks and the recent absence may be driven by anthropogenic factors and 
climate change (Fig. 10).  
Increased eutrophic conditions and the warming of seawater in late spring and 
early summer were favorable to, and a necessary condition for, the long-term increase in 
N. nomurai outbreaks in JY. However, significantly lower SST in NJY compared with 
JY indicates that SST was an important factor lowering the proliferation of N. nomurai 
in NJY through effects on survival of ephyra. Timing of phytoplankton blooms varied 
interannually and spatially, and their match and mismatch to the timing of SST reaching 
15°C was not corresponded to the long-term increases in N. nomurai outbreaks and the 
recent absence. Instead, survival of ephyra may differ in middle and coastal areas. Once 
ephyra establishes its population with high survival rates, the fast growth from ephyra to 
young medusae under favorable conditions (temperature, food) probably could lead to a 
later jellyfish outbreak. 
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Figure captions  
Fig. 1 Bathymetry of the Bohai Sea, Yellow Sea, and East China Sea. Seven 1 × 1° 
boxes represent areas for SST investigation: the Bohai Sea (BS), the middle of the 
northern Yellow Sea (MNYS), the Chinese coast of the southern Yellow Sea 
(CSYS), the coast of the Shangdong Peninsula (CSDP), the middle of the southern 
Yellow Sea (MSYS), the Korean coast of the southern Yellow Sea (KSYS), and 
the Changjiang River estuary (CJE).  
Fig. 2 Thirteen-year climatology SST data. (a) February, (b) May, (c) August, and (d) 
November represent winter, spring, summer, and autumn, respectively. Lines 
indicate the isotherm of 15°C SST.  
Fig. 3 Interannual variability in monthly SST during spring to summer (March to June) 
in (a) BS, (b) MNYS, (c) CSYS, (d) CSDP, (e) MSYS, (f) KSYS, and (g) CJE. 
Error bars indicate standard deviations in each box. Black lines indicate the 
isotherm of 15°C SST. The seven areas are marked in Fig. 1.  
Fig. 4 8-day weekly SST time series in PJY, JY, and NJY during spring to summer 
(March to June) in (a) BS, (b) MNYS, (c) CSYS, (d) CSDP, (e) MSYS, (f) KSYS, 
and (g) CJE. Error bars indicate standard deviations in each box. Black lines 
indicate the isotherm of 15°C SST. The seven areas are marked in Fig. 1. The 
corresponding date in ordinary years of the Julian day calendar is shown in the 
abscissa. 
Fig. 5 Spatial distribution of differences between SST in NJY and JY during (a) March, 
(b) April, (c) May, and (d) June. Blue and red colors indicate whether SST in NJY 
was significantly lower (h = 1, p < 0.1) or not (h = 0, p > 0.1), respectively, from 
values in JY.  
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Fig. 6 (a) Spatial distribution of the temporal pattern of Chl-a. Blue, green, red, and 
black represent the winter bloom, spring bloom, summer bloom, and summer 
decline regions, respectively. The white grids with few valid satellite data were 
omitted from further study. (b) Detailed separation by K-means clustering of 
spring bloom and summer bloom regions based on geographical and 
climatological differences in temporal patterns of Chl-a. The spring bloom region 
was separated into the MNYS and MSYS regions, and the summer bloom region 
was separated into the BS, CSYS, KSYS, and CJE regions. The light-gray region 
was omitted from further study because of high SST (always near or above 15ºC)  
Fig. 7 The 13-year mean Chl-a seasonality in regions of the (a) winter, (b) spring, and 
(c) summer blooms, and (d) the summer decline from 1998 to 2010, with means ± 
standard deviations of the peak, bloom timing, bloom duration, and baseline. 
Black vertical lines indicate start and end times of the bloom, and thick gray lines 
indicate the fitted curve. The corresponding date in ordinary years of the Julian 
day calendar is shown in the abscissa. 
Fig. 8 (a) Start time, (b) end time, (c) peak time, (d) duration, (e) average Chl-a during 
the non-bloom period (non-bloom Chl-a), and (f) peak Chl-a from 13-year mean 
Chl-a data. Summer decline regions in CSDP are excluded (white). 
Fig. 9 Interannual variability in phytoplankton blooms and the Tsst15 in (a) BS, (b) 
MNYS, (c) CSYS, (d) CSDP, (e) MSYS, (f) KSYS, and (g) CJE. Black crosses 
and squares indicate the start time (ST) and end time (ET), respectively, and red 
triangles indicate the Tsst15. The corresponding date in ordinary years of the 
Julian day calendar is shown in the abscissa. 
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Fig. 10 Conceptual diagram of the temporal relationship between jellyfish outbreaks 
and environmental variables. In periods when jellyfish and phytoplankton biomass 
overlap or when eutrophication occurs, the larvae will have adequate food and 
therefore enhanced survival probability. In years when the water temperature is 
warmer/colder, the jellyfish larvae will have high/low survival rates, leading to a 
later presence/absence of jellyfish outbreaks. Green indicates phytoplankton 
biomass; black curved lines indicate jellyfish abundance in PJY, JY, and NJY; red 
indicates that SST was temporally higher in PJY and JY than in NJY; and blue 
indicates that SST was lower. Yellow lines indicate the Tsst15.  
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